Although hydraulic fracturing and microseismic technology are well developed now, the research of microseismic wavefield simulation in hydraulic fracturing processes is still limited. In this paper, we construct a comprehensive method to simulate a microseismic wavefield and analyze the influence of fracturing domain. Firstly, we combine the fluid seepage equation, fracture mechanics and critical pressure criterion to simulate the 3D hydraulic fracturing process and obtain the pore pressure and microseismic events distribution; then the Coates-Schoenberg method and fracture compliances are used to calculate the real-time velocity model of fracturing domain; finally, the staggered-grid finite difference algorithm is applied to simulate the microseismic wavefield. We analyze the influence of fracturing domain on microseismic wavefield at different stages during the simulation. The numerical simulation results show that the influence from the fracturing domain grows with fracturing progress, and diffraction at the margin of the fracture domain has the strongest effect.
Introduction
Hydraulic fracturing technology is one of the most important measures to enhance shale gas production. Fluids are pushed into reservoirs under high pressure which makes the rock break and creates new fractures to improve the reservoir permeability (Wangen, 2011) . Microseismic technology can be applied to estimate the fracture location, breakdown type and underground information from the received wavefield information during the fracturing process.
Existing microseismic simulation methods focus on the simulation of microseismic events, however, the research of the microseismic wavefield is limited. In practice, we are only able to record the wavefield information, from which the event locations are derived. Therefore there is a huge gap between simulation and application. Besides, current microseismic methods usually ignore the velocity variation which is caused by the new fractures and pore pressure changes in the fracturing process. In order to solve the above two problems, we combine the hydraulic fracturing simulation, microseismic events simulation and wavefield simulation to simulate the microseismic wavefield and analyze the influence of the hydraulic fracturing process.
Method and Theory
Based on field data, Shapiro et al. (2009) analyzed microseismic signals of two types: pore pressure diffusion controlled and hydraulic fracturing controlled. The former has a good relationship with pore pressure distribution, the latter corresponds to the fast extension of fractures. In the hydraulic fracturing process, the fluid in the main fracture enhances pore pressure and makes the fracture extend; the fracture extension will produce microseismicity which is hydraulic fracturing controlled. The fluid which leaks into the matrix will break the stress balance and create cracks or cause cracks to slip, the microseismicity of this type is pore pressure diffusion controlled. Therefore we divide the microseismic signals into two types in the fracturing process: 1. Type F, the microseismicity of this type corresponds to the extension of the main fracture. 2. Type P, the microseismicity of this type corresponds to events near the main fracture which are controlled by pore pressure diffusion of fluid leakage.
In the hydraulic fracturing process, the injected fluid equals to the mass in the fracture and the mass leaks to the matrix (Wangen, 2011) .
where f ρ is the fluid density, V is the fracture volume, D v uu r is the fluid flow rate, A is the fracture area, n v is the flow direction, in M is the injection rate. Equation (1) is used to simulate the pore pressure variation in the fracture, the pore pressure variation in the matrix can be calculated with the fluid seepage equation.
Here, we take fracture mechanics and the critical pressure criterion as the microseismic judgement of type F and type P. In fracture mechanics theory, the rock will break if the stress intensity factor achieves the critical stress intensity factor (Liu et al., 2003) . According to the critical pressure criterion, if the pore pressure exceeds the critical pressure, microcracking or sliding will happen and produce a microseismic event (Rothert et al., 2003) .
Assume that there are no fractures in the initial model, and fractures appear after the microseismicity. The equivalent elastic matrix M of fractured rock can be expressed with the following equation in the Coates-Schoenberg method (Coates et al., 1995) : ( , , , , ) , compliances and the effective stress can be expressed in exponential decay function (Vlastos et al., 2006) .
In this paper, we firstly simulate the fluid seepage and pore pressure distribution using conservation of matter theory and the fluid seepage equation, then we simulate microseismic events using fracture mechanics and critical pressure criterion; after these two steps, the Coates-Schoenberg method and fracture compliances are applied to model the velocity of fracturing domain, and the staggered-grid finite difference method is used to simulate the microseismic wavefield.
Numerical simulation
We firstly simulate the hydraulic fracturing process; the size of fracturing model is 200m×50m×50m, the grid size is 1m×1m×1m, the injection location is (100m, 25m, 25m). According to the real-time velocity model and microseismic events in the fracturing simulation, we can use the staggered-grid finite difference method to simulate the 2D microseismic acoustic wavefield. The model size for wavefield simulation is 300m×300m, the grid size is 1m×1m and the time interval is 0.1ms. The matrix Lame parameter . The x-y velocity profile at z=25m in the fracturing model is laid in the middle of this 2D model to construct the fracturing velocity, and we also simulate the microseismic wavefield in the pre-fracturing velocity model for comparison. -480.2s at location (20m, 150m) . Figure 1 shows the wavefield at 100.15s in the pre-fracturing velocity model and the fracturing velocity model. The pre-fracturing velocity model is the initial model before hydraulic fracturing. We can see the wavefield stack phenomenon in Figure 1 , each circle represents a microseismic wavefield, the circle center is the microseismic event location and the radius represents the transition time.
Comparing these two pictures in Figure 1 , we can see the wavefield delay and strong diffraction near the fracturing domain (at the center of model), but this influence will attenuate rapidly with distance. Figure 2 shows the wavefield at 480.15s in the pre-fracturing velocity model and the fracturing velocity model. Compared to Figure 1 , we can see the stronger wavefield delay and diffraction in Figure 2 , right. Especially around the two locations of (100m, 150m) and (200m, 150m), corresponding to the margin of the fracturing domain, the strongest diffraction appears. Figure 3 and Figure 4 show the 480s-480.2s microseismic wavefield record comparison at the locations (150m, 20m) and (20m, 150m). The former location is at the side of the fracturing domain which receives less diffraction from the fracturing domain margin; the latter location is toward the margin of fracture domain which receives more diffraction. As shown in Figure 3 , the wavefield record difference between the fracturing velocity model and pre-fracturing velocity model is very small. In the early stage of Figure 4 , the difference is quite small; when the strong diffraction arrives, we can see the drastic waveform change in the late stage of Figure 4 .
Conclusions
In this paper, we combine hydraulic fracturing, microseismic events and wavefield simulation to model the microseismic wavefield and analyze the influence of fracturing domain.
Due to the microseismic events and fracturing process, the stack and delay of wavefield can be seen in the simulation. In the early stage of fracturing process, the fracturing domain is quite small, the diffraction is weak and attenuate rapidly with distance. The diffraction influence becomes more obvious with the progress of fracturing and the strong diffraction appears near the margin of the fracturing domain.
In practice, the fracturing domain is much larger. According to the simulation result, strong diffraction may exist around the margin of fracturing domain, and receivers should be located away from it.
